The Soft X-ray Undulator beamline at the NSLS supports a soft x-ray imaging program including scanning transmission microscopy, scanning photoemission microscopy, Gabor and Fourier transform holography, and large angle diffraction. Zone plates from an LBL Center for X-ray Optics/IBM collaboration are used as optical elements. The current instrumentation of the beamline and the experimental stations is discussed, along with plans for the future at the NSLS and prospects for imaging programs at third generation sources.
INTRODUCTION II. BEAMLINE
Much of the current effort in developing state of the art source of synchrotron radiation is aimed at high brightness undulator sources. X-ray microscopy is a major beneficiary of this trend, and we are fortunate to have as our source the Xl Soft X-ray Undulator at the National Synchrotron Light Source. The undulator and the associated beamline has been described in detail. ' In this report, we provide an overview of the experimental program at the beamline, and future plans for improvements at Xl and for the next generation instruments, such as at the Advanced Light Source in Berkeley.
While bending magnets and wigglers provide a fan of radiation that is easy to subdivide into smaller angular segments to serve several experiments, undulators produce a narrow, highly collimated beam, the useful central cone of which is more difficult to share. At the X 1 undulator, we have nevertheless made an effort to maximize utilization of the beam.
The work at the Xl A beamline depends on the large coherent flux in the beam. This makes it possible to use zone plates to form microprobes and to record holograms. The zone plates we have been using are made under a collaborative agreement between the LBL Center for X-ray Optics and the Nanofabrication Group at the IBM Research Center.2
Because the undulator is located in a straight section of the storage ring where the horizontal divergence of the electron beam is relatively high, the radiation divergence is dominated by that of the electron beam, with a horizontal divergence of 0.25 mrad (a,,,,,) . As a consequence, the spectral linewidth of the undulator is broadened from the ideal (zero emittance) case. In practical terms, the footprint of the central cone of the beam on the first mirror, located 13 m from the source, is about 15 cm wide at Coherent illumination is not universally advantageous: Imaging microscopes operating in absorption contrast mode, such as the Gijttingen imaging microscope at BESSY,3 benefit from spatially incoherent illumination of the specimen. A source that concentrates all the radiation into a very small phase space volume is poorly matched to such applications. To redistribute the phase space, x-ray equivalents of rotating ground glass screens are necessary. In fact, such a device has already been used in the projection lithography experiments at the U13 undulator by the AT&T group.4 1:;
The development and application of x-ray microscopes was the subject of an international symposium a year ago, and the recently published proceedings' is a rich source of information in the field. More recent reports on photoelectron microscopy,6 other work on soft x-ray microscopy,7 hard x-ray microscopy,8 and microtomography ' are avail- 4O-mrad grazing angle. Furthermore, as illustrated in Fig.  1 , the spectral peaks are widened toward longer wavelengths, and even harmonics as well as odd ones peak on axis. As a result, it is possible to share even this narrow fan by inserting the first mirror only part-way into the beam, with another beamline (XlB) intercepting the remaining portion." Because we are only using the coherent portion of the beam, and because there are a large number of horizontal modes present, this arrangement (to be implemented in the near future) involves no compromise for XlA. Both beamlines must agree, however, on the undulator gap which determines the resulting spectrum. The XlA beamline (Fig. 2) is further subdivided, with the long wavelength branch using the undulator fundamental, and the short wavelength branch using the second harmonic. These two branches are separated in angle at the output of the spherical grating bichromator, and further separated past their respective exit slits with small mirrors. The scanning transmission microscope is the dominant user of the long wavelength branch, while scanning photoemission microscopy, Gabor holography, and soft x-ray diffraction are major users of the short wavelength branch. Again, the experimenters at the two branches must agree on the spectral characteristics, and in this case on the additional common element, the bichromator entrance slit, which in part determines the bandwidth/flux trade-off that is available. In practice, there is simultaneous operation about 75% of the time.
This bandwidth/flux trade-off, as well as the size of the phase space element that we admit, has a profound effect on count rates and throughput. An aspect of this can be seen from Fig. 3 . As we relax the strictest criteria of coherence and monochromaticity, the resolution worsens, while the flux increases, as one would expect. We usually operate with slit settings which provide a large gain in flux for a modest worsening of the resolution. In many of our experiments, zone plates form microprobes by demagnifying a small source. In the present beamline there is no single small source, however, in the horizontal plane, the spherical grating focuses the beam onto the exit slits (typically 3 m from the zone plate), while in the vertical plane the source is at the undulator (23 m away) in the case where there is no focusing mirror downstream of the exit slit. The separation of the vertical and horizontal sources causes astigmatism in the beam, which is insignificant without vertical refocusing, but can become severe with it." Until now, we ran mostly without refocusing or, in one case where the effect is severe, corrected for it using a specially fabricated elliptical zone plate.12 For the longer term, the first mirror in the beamline will be reconfigured so that it provides vertical focusing with greatly reduced astigmatism. This will push the light gathering power of the beamline closer to the maximum possible, and should lead to a fivefold gain in flux for most experiments.
We use 250~pm square silicon nitride windows to separate the ultrahigh vacuum section of the beamline from rough vacuum on the short wavelength branch when needed, and from atmospheric pressure on'the long wavelength branch. These windows are quite reliable and we observe onIy mild contamination on them after a year of use.
Spatial and temporal stability of the microprobe is maintained partly by a feedback systemI based on position monitors located 9 m from the undulator, and partly by overfilling the slits and apertures (including the zone plates) + Imaging beamlines at the third generation sources will operate with sources between one and two orders of magnitude higher in brightness and coherent power than Xl. These sources will be even more collimated, and the spectral features will not be as angle-averaged as they are at Xl. As a result, the methods we are currently using to share the beam cannot be implemented. However, the increased brightness makes time sharing more attractive, for while the time to collect an image is expected to drop to the second or subsecond range, the time required for a user to make an intelligent decision about the next image to be acquired will presumably not change! We envision the use of a system of computer controlled small mirrors which would deflect the beam to the next experimenter in line, while the one whose image has just been completed evaluates the results and decides on the next task. In addition to redirecting the beam, switching to the next user may also involve a change in the setting of the monochromator, and eventually of the undulator gap as well.
Stability of the beam will again be an important consideration at the new sources. With a much larger fraction of the beam having good enough coherence properties for the type of experiments we are interested in, apertures cannot be overfilled by a large factor without losing useful photons.
Ill. SCANNING TRANSMISSION X-RAY MICROSCOPE (STXM)
For high-resolution imaging of biological material, two considerations are of importance: The specimen should be exposed to a minimum amount of radiation dose for the given information-gathering task, and the specimen should remain as close to its natural state as possible (typically wet and at atmospheric pressure). The scanning transmission microscope is well suited to these specifications. The zone plate defines the resolution, and forms the microprobe in air (or in a helium enclosure to reduce losses). X-rays transmitted by the specimen are recorded with a high-efficiency, high-rate proportional counter. In addition to STXM at the NSLS,14 similar instruments are operating at Daresbury" and at BESSY. Recently, the STXM has been fitted with a high-resolution, high-efficiency nickel phase zone plate with 45-nm outer zones,17 and a new flexure stage with Queensgate positioners.18 The system has shown a performance that is very close to theoretical expectations. Based on the detailed study of the modulation transfer function (MTF), we were able to perform a deconvolution of the image.tg The result in the case of a resolution test pattern is shown in Fig. 4 , where detail down to 36-nm lines and spaces is clearly reproduced. Typical operating energy is 350 eV.
Biological applications of STXM involve a growing number of users, and include the study of secretion granules,20 chromosomes2* (Fig. 5 ), cell cultures,22 and the mapping of calcium in sections of tendon and cartilage23 (Fig. 6) .
In routine operations a 400 x 400 pixel image takes 3-6 min to record today, and 30-50 images are recorded on a typical day. With expected improvements to the XlA beamline, the data rate should increase by another order of magnitude within the next year, and with the increased brightness at the third-generation sources there is a need for a radical rethinking of STXM design. In order to make images at the rate allowed by the x-ray flux in the probe, the detector will have to handle rates in the gigahertz range, and the scanning stage will need to achieve 106-pixel/s scan rates. The data must be stored, displayed, and analyzed at rates that match these capabilities. To accomplish these tasks, we are exploring the use of integrating detectors, and continuous "on the fly" scanning of the zone plate in one dimension, while advancing the specimen only along the slower axis. ing photoemission spectroscopy. Until recently, the spatial resolution of this technique was limited, and for studies on heterogeneous surfaces Auger electron microscopes were generally employed. Due to charging and damage considerations,24 these latter instruments can only be used with rugged, conductive samples.
More recently, several types of synchrotron radiation based photoemission microscopes have been built, some of which form the image using electron optics,25p26 while others,27Y28 including the X1 SPEM,29 use a scanned microprobe to form the image (and if desired, to obtain the photoelectron spectrum) pixel by pixel.
In the current Xl SPEM a specially designed zone plate corrects for astigmatism,12 and forms a 150-nm mi- FIG. 6 . STXM images of a fixed, unstained, 150~nm-thick section from a patient with tendonitis. Top: large scale survey scan, covering an area nearly 1 mm on the side (scale bar: 0.1 mm). Bottom: the indicated portion of the same section on a finer scale (scale bar: 5 pm). The images at the left were collected at the calcium-absorptive wavelength of 3.560 nm, and the images at the right were at the calcium-transmissive wavelength of 3.595 nm. Calcium distribution can be determined from a pixelby-pixel comparison of absorptivity. Electron energy (eV) FIG. 7 . Photoelectron spectrum from a 0.2~pm area of an uncleaned aluminum oxide surface. Spectral peaks corresponding to oxygen and carbon, in addition to aluminum are prominent.
croprobe on the surface to be examined. Photoelectrons are analyzed using a cylindrical mirror analyzer. Total yield is measured at the same time. Typical photon energy is 680 eV. A typical spectrum is shown in Fig. 7 , while Fig. 8 is the image of a microelectronic device taken with the SPEM. At present, it takes close to an hour to collect an image, and a reasonably high statistics spectrum from a single spot requires about 45 min. Our plans are to increase the data rate by about an order of magnitude partly by the beamline upgrade described earlier (also incIuding a blazed grating to provide higher efficiency for the short wavelength branch), and partly by the use of a more efficient and higher resolution photoelectron spectrometer. The expected electron energy resolution after these modifications is below 1 eV.
Scanning surface microprobes have the potential of recording and analyzing not only photo-and Auger electrons, but also the fluorescence signal, and the atomic and molecular species that leave the surface by photon stimulated desorption. Although there are plans to develop the instrumentation for PSD at the Xl SPEM, such devices will come into their full potential at the third generation machines.
V. HOLOGRAPHY AND DIFFRACTION
While scanning microscopes examine the specimen pixel by pixel, holographic imaging methods collect the full field all at once. Both Gabor and Fourier transform holog raphy have been implemented at the XlA beamline.
In the Gabor geometry a plane reference wave interferes with the waves scattered by the object. The object field should be sparse to transmit much of the reference beam unaltered, but can be as large as the beam itself, The transverse resolution in the reconstructed image is limited to the resolution of the detector. To reach into the submicron resolution range, the x-ray resist PMMA was introduced as the recording material.30 With electron micro- scope readout of the resist, and subsequent numerical reconstruction of the hologram, 60-nm transverse resolution has been demonstrated.31 It takes about 3 min to record a hologram in vacuum, or about 20 min if the specimen is wet and in an atmospheric environment. Recent work has been aimed at reducing the twin-image background in the reconstruction using phase retrieval techniques,32 and replacing the electron microscope by atomic force microscopy for the readout of the resist. This approach promises to increase sensitivity and dynamic range, and simplify the interpretation of the results. Another approach being taken is that of Joyeux ef ~1.~~ who are building a UV optical reconstruction system for use with holograms to be recorded at LURE, for which they will soon have a dedicated beamline on SuperACO.
In the Fourier transform geometry a spherical reference beam is made to interfere with the object wave. In this case, the resolution is determined by the precision of the reference beam (determined by the zone plate focus), and the resolution of the recording medium determines the size of the object field, rather than the image resolution. In our recent work,34 a Fresnel zone plate was used as the beam splitter, to illuminate the specimen, and also to form the spherical reference beam. Holograms of test patterns were recorded with a cooled CCD camera, and reconstructed numerically (Fig. 9) . Over the limited object field diameter of 14 pm, structure with 50-nm lines and spaces is revealed in the reconstruction. At the Photon Factory, Aoki and Kikuta recorded Fourier transform holograms using photographic film.35
Both in Gabor and Fourier transform holography, our reconstructions are essentially two dimensional, in that our resolution in depth is comparable to the thickness of typical specimens. To reach full three-dimensional reconstruction, the simplest road seems to be to make use of multiple views.36*37
To reach the highest resolution in all three dimensions (eventually half the wavelength), the scattered wave must be recorded over a large solid angle, and for many illumination directions. While it is difficult to generate a reference wave for large-angle recording, reconstruction from scattered wave patterns alone is the domain of crystallog raphy. To extend the techniques of crystallography to the study on noncrystalline specimens requires that these specimens be particularly radiation resistant, as the large angle scattering pattern is on average quite weak. It is, nevertheless, this approach that promises the highest resolution in Synchrotron radiationsoft x-ray imaging, and efforts to detect high-angle scattering are making significant progress.38
VI. SUMMARY
The brightness of the soft x-ray undulator and the excellent zone plates fabricated for us by Erik Anderson have made it possible to develop several coherence-dependent forms of soft x-ray imaging at the NSLS. Each of these will continue to be improved and developed both at the NSLS and at the new sources that will come on line within the next few years. Among the lessons we have learned is that it is necessary to approach the design of imaging systems as an integrated whole, from the undulator, through the beamline, the microscope, its optics, the detector, and the data handling system.
As the brightness of harder x-ray sources improves, there will be new opportunities to extend submicron resolution imaging to the harder x-ray region. There are exciting possibilities for phase contrast microscopy of relatively thick biological specimens.39,40 In addition, elemental imaging by scanning fluorescence microscopy4t will be extended to the submicron resolution regime using zone plates that are somewhat thicker than the ones we have been using. Several groups are working toward this goa1.42-44
